The local structure around Ni and La atoms in Al 85 Ni 10 La 5 amorphous powder after ball milling was investigated by X-ray absorption spectroscopy. A continuous decrease in coordination number of Ni and La as a function of milling time was observed, while the nearest neighbour distance and the mean square atomic displacement did not change, pointing at the creation of free volume around the Ni and La atoms. These structural changes resemble those of a liquid upon temperature increase. The results are described by a shear band model in which the coordination numbers of Ni and La are different within and outside a shear band. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
The combination of high strength and extended elastic range makes metallic glasses potential structural materials. Unfortunately, the correlation between mechanical properties and atomic structure in metallic glasses is still poorly understood, which hinders systematic development. 1 Recently, progress has been made in the understanding of the elastic properties of metallic glasses. Based on comparisons of both Young's and shear moduli of a series of metallic glasses with those of the alloy components, it was found that the elastic moduli of these glasses are primarily determined by their solvent elements. 2 Solute-centred clusters hardly influence elasticity while solvent-rich configurations in between the solutecentred clusters preferentially accommodate elastic strain. This preferential straining of solvent-rich areas is ascribed to a hierarchy of bonding forces: the strong interaction between solute and solvent atoms that give rise to solute-centred clusters and the weaker solvent-solvent bonds linking such clusters. 2 In-situ neutron diffraction experiments on elastically strained amorphous alloys revealed a shift of the first sharp diffraction peak in the structure factor. This shift was assigned to changes at the medium-range scale (0.4 nm to 2 nm), pointing at heterogeneous elastic straining 2 on the MRO scale in between the solute-centred clusters. A heterogeneous structure was also employed to explain the elastic behaviour of a Zr-based bulk metallic glass. 3 It was shown by diffraction of high energy synchrotron radiation (120 keV) that the response of the alloy to external load is elastic by about 75% and anelastic by about 25%. The anelastic regions bear no static shear load. 3 Based on results obtained from dynamic micropillar tests on a Zr-based bulk metallic glass, a viscoelastic coreshell model was suggested consisting of a soft free-volume rich zone in the core and surrounding tightly bound atomic clusters. 1 While the free-volume zones of the core show Newtonian flow, the elastic atomic clusters of the shell exert back-stresses on the free-volume rich zones such that the original configuration can be restored by Newtonian flow.
The progress in describing elastic and viscoelastic properties in terms of heterogeneous structures consisting of hard clusters and soft free-volume zones suggests that other mechanical properties, such as yield strength and plasticity, are also related to structural heterogeneities. 4 Furthermore, such heterogeneity of structure raises questions concerning the localization of damage after plastic deformation.
Unlike crystalline materials where plastic deformation proceeds via creation and slip of dislocations, plastic deformation in metallic glasses at temperatures below about T ¼ 0.9T g (T g : glass transition temperature) proceeds via formation of shear bands 5 with typical shear band thicknesses between 10 nm and 20 nm. [6] [7] [8] [9] In the past years, the structure of shear bands has been the subject of intensive investigations. Cahn et al. pointed out that dilatation inside a shear band must be some percent. 10 This is supported by a strongly enhanced diffusivity in plastically deformed Al 88 Y 7 Fe 5 glasses, which was ascribed to the excess free volume induced in shear bands by plastic deformation. 11 The local increase in free volume within shear bands due to plastic strain is in agreement with the free-volume model of Spaepen for anelastic flow 12 and with the model of argon for plastic deformation. 13 In some Al-based alloys, the large atomic mobility inside the shear bands during deformation leads to the formation of fcc Al nanocrystals. 11, 14, 15 The mechanism by which crystallization in shear bands occurs is still under discussion. 5 Athermal, 11, 16 thermal, 17 or combined athermal and thermal mechanisms 18 have been suggested to explain the formation of nanocrystals in shear bands during plastic deformation. Despite an appreciable amount of work on the structure of shear bands has been done, the mechanisms of plastic deformation are still not understood in detail.
Metallic glasses do not exhibit long-range order (LRO). Their structure is described by short-range order (SRO) and medium-range order (MRO). X-ray absorption spectroscopy (XAS) provides information about the number of nearest neighbours Z, the interatomic distance D, and the mean squared relative displacement of the effective interatomic distance r 2 . The latter parameter is often denoted as "disorder parameter." XAS is therefore an established method to describe SRO in metallic glasses, while MRO (about 0.4 nm-2 nm) is described by pair distribution functions measured by diffraction of X-rays or neutrons over a large range in reciprocal space.
Here, we present a systematic investigation of SRO of amorphous He-atomized Al 85 Ni 10 La 5 powder after different levels of plastic deformation. XAS is employed to follow the changes in SRO. Our results give evidence for the change in coordination numbers around Ni and La atoms. This points at the creation of free volume in Ni and La-centred clusters which approach a saturation concentration at large ball milling times. The results will be discussed applying a shear band model, which assumes maximum damage within each shear band.
II. EXPERIMENTAL
An alloy with the nominal composition Al 85 Ni 10 La 5 (at. %) was synthesized in an alumina crucible by induction melting pure elements of Al (99.98%), Ni (99.7%), and La (99.7%) under argon atmosphere. The melt was heated up to approximately 1200 C and was subsequently atomized with helium gas at Nanoval GmbH applying their "Nanoval" process. 19 As-atomized powder was plastically deformed by ball milling at room temperature in argon atmosphere for different ball milling times t using a Spex Mixer Mill 8000. The powder mass for each milling run was 6.2 g (corresponding to 1.77 cm 3 ) resulting in a mass ratio between the ZrO 2 balls and the powder charge of 2:1. The milling process was terminated after different times (60 min, 120 min, 240 min, 600 min, and 6000 min) after which small amounts of the powder were used for X-ray diffractometry (XRD), differential scanning calorimetry (DSC) analysis, and XAS.
The local atomic structure around Ni and La atoms was investigated by XAS at the BAMline, BESSY II, Berlin, Germany. Extended X-ray Absorption Fine Structure (EXAFS) data were collected around Ni and La K-edges in the transmission mode using double multilayer monochromator which can provide an energy bandwidth of 1.7% in the range between 5 keV and 50 keV. Reference samples of bulk Ni (5-lm-thick foil), La 2 O 3 (powder size less than 20 lm, deposited on 4 layers of Kapton tape) served as standards for comparison purposes and subsequent data analysis. The measured EXAFS spectra were transformed into k-space using the combined programs ATHENA and ARTEMIS. 20 The structural data needed for calculating the fitting standards were prepared using the program ATOMS, 21 while theoretical scattering paths were calculated with the ab-initio program FEFF. 22 Structural data for generating theoretical standards were selected on the basis of inspection of atomic positions in the binary crystalline phases NiAl 3 and LaAl 3 , respectively. The Fourier transformed (FT) EXAFS data were fitted with a single shell model from 1.2 Å to 2.8 Å on Ni edge and from 1.7 Å to 3.5 Å on La edge, respectively. DSC experiments were carried out in a Perkin-Elmer Pyris-1 under a stream of argon gas during continuous heating at 20 K/min. Second-run data in which the samples had already fully crystallized provided the baselines. The amorphous nature in the as-atomized state was confirmed by X-ray diffraction 23 and transmission electron microscopy.
III. RESULTS
Fig. 1 displays the magnitude of the Fourier transformed EXAFS signals FTðk
2 Á vðkÞÞ for the as-atomized and ballmilled powders. All the spectra have a similar appearance, featuring a maximum near R ¼ 2 Å . Above R % 2.5 Å , FTðk 2 Á vðkÞÞ exhibits only small undulations, indicating the lack of strong structural correlations beyond the first shell. The peak value of FTðk 2 Á vðkÞÞ decreases monotonically with ball milling time, see inset of Fig. 1 , while thermal treatment of powder ball-milled for 120 min and subsequently annealed for 10 min at 150 C restores the amplitude back to the value corresponding to 60 min of ball-milling. The area under the peak at R % 2 Å in FTðk 2 Á vðkÞÞ reflects the number of nearest neighbours and their disorder around Ni. The decreasing maximum value of FTðk 2 Á vðkÞÞ with longer ball-milling time thus indicates a decrease of the coordination number Z, whereas thermal treatment of ballmilled material causes an increase in Z.
The EXAFS spectra of the as-atomized powder along with the single-shell fit to the data are shown in Fig. 2(a) , the magnitude and imaginary part of its Fourier transform in Fig.  2(b) . The fits to the data of all the other specimens are of similar quality and are not shown here. The coordination number Z around Ni atoms as obtained by data fitting is about 6 in the as-atomized condition and decreases continuously with increasing ball milling time, see Fig. 3 (a), while D and r 2 remain unchanged within the experimental accuracy, see Table I . A decrease in Z at constant D and r 2 was also observed for the coordination around La atoms, see 
where
BM denotes the maximum heat release, DH max BM is the maximum heat release caused by deformation, and DH aa is the heat release of the as-atomized powder. b DH is a parameter that describes the relative heat release induced by the first impact through plastic deformation. The number of impacts of a ball with the container wall, n, is given by
where m B is the number of balls in the mill and f is the rotational frequency of the SPEX mill. In our experiment, m B ¼ 2 and f ¼ 17 s 
IV. DISCUSSION
Van den Beukel et al. 24 and Koebrugge et al. 25 pointed out that the variation in relaxation enthalpy is proportional to the variation in excess free volume. The free volume induced by plastic deformation is located within such shear bands. 26 The excess heat which is released below T g,o in the ball-milled Al 85 Ni 10 La 5 powder is therefore due to the excess free volume induced by plastic deformation that in metallic glasses proceeds via shear bands. As DH max BM and DH aa are of about the same magnitude, the maximum free volume induced by plastic deformation at room temperature has about the same magnitude as the free volume in the as-atomized condition.
Creation and annihilation of free volume inside shear bands of Zr-based alloys were quantified by Ritter and Albe 26 using molecular dynamics simulation. They found that the highly strained material inside the shear bands contains appreciable amounts of excess free volume, while the surrounding material experiences a compressive strain due to the dilatation of the shear band. Thermal treatment results in the annihilation of free volume inside the shear bands with the surrounding material in the matrix being under compression.
The low coordination number Z Ni % 6 in the asatomized condition is ascribed to the strongly covalent character of the Ni-Al bonds reflected by the small Ni-Al distance (D ¼ 244 pm, see Table I ) which is 10% shorter than the sum of the metallic radii of Ni (r(Ni) ¼ 125 pm (Ref. 27) ) and Al (r(Al) ¼ 143 pm (Ref. 27) ). Strong bond shortening has been reported for several Al-TM-RE amorphous alloys (TM: transition metal, RE: rare-earth metal) and was ascribed to the strongly covalent character of TM-Al bonds caused by charge transfer from Al atoms to TM atoms, which induces a decrease in atomic size of the TM atoms and an increase in atomic size of the Al atoms in the alloy. [28] [29] [30] [31] [32] [33] Such changes in atomic diameters give rise to the coordination number of Z Ni % 6 around Ni. [28] [29] [30] [31] [32] [33] Matsubara et al. 34 reported a value of 6.5 6 0. The value of Z Ni % 6 is low compared to the value of Z ¼ 10.9 for dense random packing of hard spheres (DRPHS) 35 in which the atomic diameters for Ni and Al from Ref. 27 are used. Miracle 36, 37 established an efficient packing model for which solute-centred clusters serve as structural units in metallic glasses. This model describes the coordination number of a solute as a function of the ratio of the radius of solute atoms to the radius of solvent atoms, using atomic radii deduced from pure crystals. The use of these radii naturally results in coordination numbers which are close to those for the competing crystalline structures. The results of this model are, therefore, in direct conflict to the results of the present and other studies [28] [29] [30] [31] [32] [33] which report only about 6 Al nearest neighbors around transition metal atoms.
Saksl et al. used two-shell model in order to fit their EXAFS data on rare earth edge. 33 In this work, the FT spectra on La edge show narrow peaks which are unlikely contributed by two paths with different bond lengths. Indeed, the values of r 2 for the single shell fit are sufficiently small (see Table I ) to describe the local structure around La by one shell only.
Contrary to Ni-Al, the La-Al bond distance in Al 85 Ni 10 La 5 metallic glass is of the same size (D ¼ 331 pm) as the sum of the atomic radii (r(La) ¼ 188 pm, r(Al) ¼ 143 pm (Ref. 27)), giving rise to a coordination number (Z(La) % 18) in the as-atomized state which within the experimental accuracy is in agreement with the predictions from the DRPHS model 35 (Z DRPHS (La) ¼ 17.1). The decrease in coordination number from %6 to %5 for Ni and from 18.1 to 16.5 for La during milling points at the formation of free volume in the first shell of the solutecentred clusters as schematically depicted in Fig. 5 for Ni. Following the analysis of Ritter and Albe, 26 the formation of free volume and hence the decrease in coordination number during plastic deformation occurs in shear bands and the Though our measurements provide clear evidence of changes in coordination numbers around absorbing atoms during ball milling, the details of the distribution of the free volume around an absorbing atom cannot be deduced from our measurements. As the total free volume in a metallic glass is generally of the order of a few per cent of the sample volume, the mean free volume assigned to a particular atom is much less than one atomic volume while vacancy-like defects do rarely exist. The amount of vacancy-like defects can, however, strongly increase during plastic deformation. According to the free volume model of Spaepen, 12 vacancylike defects are created at high stress levels during creep deformation by squeezing atoms into neighboring holes with size less than an atomic volume leaving behind holes of one atomic size, i.e., vacancy-like defects. At sufficiently high temperature, the creation of vacancy-like defects competes with a relaxation process that tends to annihilate the extra free volume created and to restore the system to its initial structure. 12 At sufficiently low temperatures and high deformation rates, plastic deformation of metallic glasses proceeds in shear bands. Two scenarios may be considered to describe the evolution of defects within the shear bands depending on the local heat created.
(i) The heat created within the shear bands is low compared to T g . In this case, rearrangement of the defect structure will not occur and the deformation-induced vacancy-like defects are stable. This process may be compared to low temperature irradiation of a metallic glass with fast electrons where the energy transferred from an electron to an atom in the glass is sufficiently high to displace the atom from its initial size leaving behind a vacancy-like defect. The creation of vacancy-like defects by irradiation with fast electrons has been observed by positron annihilation lifetime spectroscopy measurements in different amorphous alloys. [38] [39] [40] Such defects annihilate gradually during thermal treatment, which results in a predominantly diffusive distribution of the free volume.
(ii) The heat created within the shear bands is sufficiently high to exceed the glass temperature above which the material behaves like a liquid. In liquids, thermal expansion due to temperature increase is caused by an increase in the equilibrium concentration of vacancies accompanied by a decrease in coordination number rather than by an increase in nearest neighbour distance. [41] [42] [43] [44] For example, the coordination number of Ni in liquid Ni increases from 11.2 to 12.3 when the temperature decreases from 1905 K to 1435 K while changes in interatomic distance in liquid Ni are small compared to those in crystalline Ni at similar temperature increments. 44 Moreover, in molten Si where the bonds have a more covalent character than in pure metals an increase in Z from 4.9 at 1893 K to 6.1 at 1403 K was observed while changes in interatomic distance were again small. 45 We therefore conclude that the decrease in Z from %6 to %5 in Al 85 Ni 10 La 5 during ball-milling results either from an increase in the shear band temperature by several hundred K, thus notably exceeding the glass transition temperature, or by plastic deformation at sufficiently low temperatures that do not allow for structural relaxation. Above T g , the alloy behaves like a liquid and within a short time the material approaches its structural equilibrium followed by a quench to the matrix temperature during which the structure is frozen-in. 18 This interpretation is supported by the results of Zhao and Li 46 who determined the temperature increase in alloy Zr 41.25 Ti 13.75 Ni 10 Cu 12.5 Ni 22.5 (commercial name Vitreloy 1) by finite element calculations and found that the strain rate notably affects local heating. They also found that compression causes a higher temperature increase than tension.
Strain rate dependent internal heating in shear bands was confirmed by Liu and Liu 47 who calculated thermal heating analytically. When the strain rate exceeds 6 Â 10 3 s
À1
, the temperature within shear bands rises to above T g within a short time period followed by a quench to ambient temperature. The deformation rate during ball milling in a SPEX mixer mill was estimated to %10 4 s
, which supports our conclusion that the temperature in the shear bands of Al 85 Ni 10 La 5 alloy exceeds the glass transition temperature for a short time and the alloy approaches a structural state characterized by a lower number of nearest neighbours before it is quenched to room temperature by the surrounding matrix.
Applying such a thermal spike model to ball milling of Al 85 Ni 10 La 5 powder, the creation of vacancies in the first shell around Ni and La at T > T g within the shear band leads to a decrease in the number of Al ligands around Ni and La. The high mobility of atoms in the shear bands 48 during their genesis may lead to redistribution of the contact atoms of Ni and La, which leads to a more diffusive structure of the free volume. The displacement of Al atoms may lead to their agglomeration between the clusters, which finally results in nucleation and growth of Al-crystals with size of the order of 10 nm as reported previously. 18, 23 Investigation of the structure of heavily deformed and amorphized Ni-Nb-Y alloy with "solute-solvent" short range order shows grainy structure with grain size $20 nm. Changes in coordination number have also been reported by Cao et al. 50 who observed by MD simulation a reduction of Z around Cu from 12 to 9 within the shear bands of plastically deformed Cu-Zr metallic glass. The change in the coordination number of Ni and La in Al 85 Ni 10 La 5 during plastic deformation requires a bond breaking mechanism operating in the shear bands during deformation. Such a mechanism has been suggested by both Suzuki et al. 51 and by Revesz et al. 52 to explain structural anisotropy after anelastic creep and after high pressure torsion, respectively.
As Ni-and La-centred atomic clusters in the as-atomized condition are tightly and densely packed, 53 the free volume in as-atomized powder is mainly located in between these clusters. 2, 4 It is in such solvent-rich configurations between dense, tightly bound solute-centred clusters where elastic strain is preferentially located, while the solute-centred clusters are less affected by elastic deformation. 1, 2, 4 This might lead to the conclusion that plastic deformation mainly alters the structure of the solvent-rich configurations between tightly bound solute-centred clusters, while the solute-centred clusters themselves are less affected. 4 In Al 85 Ni 10 La 5 metallic glass, however, plastic deformation causes appreciable structural changes in the tight Ni-and La-centred clusters, thus suggesting a different displacement mechanism being effective in Al 85 Ni 10 La 5 metallic glass.
In order to describe the decrease of Z for Ni and La quantitatively, we apply a shear band model in which Z ¼ Z sb inside a shear band and Z ¼ Z aa in the undamaged asatomized condition outside the shear bands. Maximum damage is assumed in each of the shear bands, i.e., an overlap of shear bands formed in a given state of deformation with previously existing ones will not cause further damage in the overlapping regions, see Fig. 6 . This assumption changes the linear decrease with n of the volume V aa (n) of the asatomized powder outside the shear bands as expected for non-overlapping shear bands to an exponential decay 54 V aa ðnÞ ¼ V 
Taking account of the relation V aa ðnÞ þ V sb ðnÞ ¼ V 0 aa , the total volume V sb (n) of shear bands after using Eq. (3) can be written as
The average coordination number Z of Ni or La in the specimen is given by
where Z aa and Z sb denote the coordination numbers of solute-centred cluster in the as-atomized condition and in the shear band, respectively. Using Eqs. (3) and (5), Eq. (6) can be written as
where Z ¼ Z aa À Z sb . Hence, the changes of both the shear band volume and the coordination numbers of Ni and La should follow exponential functions with the same parameter b. Fitting the data in Fig. 3 by Eq. (7) The quantitative description of the changes in Z within a shear band model allows us to compare our model with the Hertz model. 55 The volume of shear bands created by the first ball-vial impact can be approximated by linearising Eq. (3) to V aa ðnÞ ¼ V 0 aa ð1 À bÞ and using b DH ¼ ð5:56 2:2Þ Â10 À7 deduced from the heat release measurements. This yields V sb ðn ¼ 1Þ ¼ 9:7 Â 10 À7 cm 3 . The volume of plastic deformation calculated applying the Hertz model 55 yields V Hertz ¼ 6.7 Â 10 À4 cm 3 using the parameters given in Table  II container where r B is the radius of each ball, s is the velocity of collision, q B is the density of the balls, E is the Young's modulus of the collision body, L is the length of the mill, q P is the density of the powder, C R is the mass ratio of balls and powder, D m is the diameter of the mill container, and m B is the number of balls. thickness of 10 nm for our particle size, 8 a value of 7.1 lm for the shear band spacing is deduced. This value differs by a factor of 5.5 from the value reported by Conner et al. 56 for 11 lm-thick ribbons and wires, which roughly corresponds to the mean particle size of our Al 85 Ni 10 La 5 powder. The discrepancy could have been caused by the spherical morphology of the Al 85 Ni 10 La 5 powder particles used in our experiment. Furthermore, we used one shear band thickness and one shear band spacing for the above estimation. Many metallic glasses, however, exhibit sub-band structures with notably smaller shear band thicknesses. [57] [58] [59] The presence of sub-shear band structures in plastically deformed Al 85 Ni 10 La 5 powder particles would therefore decrease the discrepancy between the present results and Hertz model.
V. CONCLUSIONS
The number of nearest neighbours around nickel and lanthanum atoms in glassy Al 85 Ni 10 La 5 powder decreases with progressing plastic deformation carried out by ball milling while the interatomic distance and the mean square displacement of nearest neighbours around Ni and La atoms do not change. These changes point at the creation of free volume around Ni and La atoms. The structural changes are described by a shear band model in which maximum damage is achieved in each shear band while outside the shear bands the initial structural state of the as-atomized powder is sustained. The numbers of nearest neighbours recover at least partly upon thermal treatment. These changes in structure by plastic deformation strongly resemble those of a liquid when its temperature is increased, pointing at adiabatic heating in the shear bands to temperatures above T g . The high mobility of atoms within the shear band during adiabatic heating enables the newly created Al interstitials to agglomerate with other Al atoms in the solvent-rich regions, thus forming Al fcc nanocrystals by nucleation and growth.
Contrary to elastic deformation which is believed to occur in solvent-rich areas of the alloy accompanied by only minor structural changes of the solute-centred clusters, 1 plastic deformation at high strain rate strongly affects SRO in solute-centred clusters by reducing the number of nearest neighbours of the solute atoms.
Taking typical values for the width and spacing of shear bands from the literature, our results agree within a factor of 5.5 with the Hertz impact theory for contact mechanics that describes the deformation of a powder in a mill.
